Aims. The brown dwarf (BD) formation process has not yet been completely understood. To shed more light on the differences and similarities between star and BD formation processes, we study and compare the disk fraction among both kinds of objects over a large angular region in the Taurus cloud. In addition, we examine the spatial distribution of stars and BD relative to the underlying molecular gas Methods. In this paper, we present new and updated photometry data from the Infrared Array Camera (IRAC) aboard the Spitzer Space Telescope on 43 BDs in the Taurus cloud, and recalculate of the BD disk fraction in this region. We also useed recently available CO mm data to study the spatial distribution of stars and BDs relative to the cloud's molecular gas. Results. We find that the disk fraction among BDs in the Taurus cloud is 41 ± 12%, a value statistically consistent with the one among TTS (58 ± 9%). We find that BDs in transition from a state where they have a disk to a diskless state are rare, and we study one isolated example of a transitional disk with an inner radius of ≈ 0.1 AU (CFHT BD Tau 12, found via its relatively small mid-IR excess compared to most members of Taurus that have disks. We find that BDs are statistically found in regions of similar molecular gas surface density to those associated with stars. Furthermore, we find that the gas column density distribution is almost identical for stellar and substellar objects with and without disks.
Introduction
The brown dwarf (BD 1 ) formation process has not yet been completely understood. Two main classes of models are currently envisioned to explain the origin of BDs. In the "stellar" formation scenario (eg. Padoan & Nordlund 2002; 2004) , BDs form like stars via gravitational collapse and fragmentation of very low-mass cores, followed by significant disk accretion. In the "ejection" formation scenario (Reipurth & Clarke 2001) , BDs are ejected from their parent core and end up being starved for molecular material. In this model, accretion disks around BDs are radially truncated by stripping during the dynamical ejection (see eg. Bate 2009) . There is currently no definitive evidence available to reject one or the other scenario either from objects' global properties or from study of individual objects. Studying
Send offprint requests to: Jean-Louis Monin Based on observations obtained at the Canada-France-Hawaii Telescope (CFHT) which is operated by the National Research Council of Canada, the Institut National des Sciences de l'Univers of the Centre National de la Recherche Scientifique of France, and the University of Hawaii, and the Spitzer Space Telescope. 1 see Section 2.1 for a practical definition of what is referred to as a brown dwarf in this paper. the disk proportion and structure around BDs may be a key to determining their formation model.
On the one hand, Luhman et al. (2005; have studied Spitzer Space Telescope (Werner et al. 2004 ) photometry of young objects in Taurus, and from their Spitzer 3.6 to 8 µm colors, found a BD disk fraction of ≈ 40%, a value close to that of stars. Guieu et al. (2007) have studied and modeled the SEDs of 23 substellar objects in the Taurus cloud and find that 48% of BDs have disks, a fraction similar to that for T Tauri stars (TTS) in the same region. In Chamaeleon I, Damjanov et al. (2007) find no dependence of disk frequency on stellar mass in the K3-M8 spectral type range, well into the BD regime at the age of the cloud (≈ 2 Myr, Luhman 2004) . The disk phenomenon extends into the planetary mass regime (M 15 M Jup ). Circumstellar disks have been detected around BDs within the mass range of giant planets (< 15M Jup ), by Luhman et al. (2005 Luhman et al. ( , 2008a ; Scholz & Jayawardhana (2008) . Concerning individual objects, Bouy et al. (2008) have published an extensive data set on the substellar object 2MASS J04442713+2512164, from the visible to the radio range, including the first photometric measurement of a BD disk at 3.7 mm, and allowing a detailed analysis of the disk properties. Their analysis shows that this BD has all the characteristics of a star with a disk.
On the other hand, Luhman et al. (2008a) , used Spitzer photometry on a much larger number of objects than Damjanov et al. (2007) in Cha I, to find a dependence on stellar mass in the disk fraction. In Upper Scorpius, Scholz et al. (2007) find a disk frequency of 37%+/-9%, a value higher than what has previously been derived for K0-M5 stars in the same region (at a 1.8 σ confidence level), suggesting a mass-dependent disk frequency. have presented a disk model for the BD 2MASS J04381486+2611399 showing that the disk has an inner hole and has an outer radius (R out ≈ 20−40 AU), a size similar to the predictions from hydrodynamical models (R out 10−40 AU) by Bate et al. 2003 and Bate 2009 . Thies and Kroupa (2007 , studying recent data on the multiplicity properties of stars and BDs show them to have different binary distribution functions. They uncovered a discontinuity of the multiplicity-corrected mass distribution in the very low mass star (VLMS) and BD mass regime, discarding a continous IMF with a high confidence level, and suggesting that VLMS and BDs on the one hand, and stars on the other, are disjoint populations with different dynamical histories. In the Taurus cloud, Guieu et al. (2007) find that BD disk fraction appears to vary with the object position within the Taurus filaments, unlike the known young star population.
Disk fraction is therefore one of the keys of the very low mass objects formation models. With this purpose in mind, we present in this paper new data about BD disks in the Taurus cloud. We obtained new or updated Spitzer Infrared Array Camera (IRAC; Fazio et al. 2004 ) photometry data on 43 BDs in the Taurus cloud (Section 2 and 3.1) and provide an update on the BD disk fraction in this region, complementing the study started by Guieu et al. (2007) . We compare the BD disk fraction to the TTS disk fraction in the same region. We present a complete study of the only transition disk found among our BD sample (section 4). We also make use of recent CO data (Goldsmith et al. 2008) to study the distribution of stellar and substellar objects relative to the molecular gas (Section 5.1) and the distribution of objects with and without disks (section 5.2).
Observations

Brown dwarf and stellar sample
Our BD sample results from a combination of recent studies dedicated to the search for BDs in the Taurus cloud. They include studies from Briceno et al. (2002 ), Luhman (2004 ), Martin et al. (2002 , Guieu et al. (2006) , Luhman et al. (2006) , and Luhman (2006) . All BDs in our sample have been spectroscopically confirmed to be late type (≥ M6) and members of the Taurus cloud from their low surface gravity indicators and/or accretion lines. The stellar-substellar boundary near the spectral type M6 at the age of 1-3 Myr comes from the theoretical models from Baraffe et al. (1998) and Chabrier et al. (2000) and the current temperature / spectral type scale available for young low mass objects (Luhman et al. 2003) . The BD surveys used optical and near infrared 2MASS JHK s photometry. The completeness of these surveys is limited by by the requirement of having a 2MASS counterpart, and should reach 20 − 30 M jup for A V = 4 (Guieu et al. 2006; Luhman 2004) . Two objects in the sample (J04335245+2612548 and J04242090+2630511) have been found by their infrared excess (Luhman et al. 2006) using the Taurus IRAC data; we report their photometry in table 1 but we do not take them into account in the computation of the fraction of BDs with disks so that the sample is unbiased in terms of disks. Hence the final number of substellar members used in this study is 41.
Our stellar sample includes all known Taurus members in the survey region at the time of this writing.
Spitzer photometry
Mid-infrared photometry has been obtained with the IRAC instrument at 3.6, 4.5, 5.8, and 8 µm on board the Spitzer Space Telescope. The Spitzer fluxes were extracted from the mosaic images obtained as part of General Observer programs 3584, 30816 and 462 for the mapping of the Taurus cloud (Padgett et al. 2007; Padgett et al., in prep.) Data reduction and source extraction are described in detail in the Taurus data delivery document ) and in Padgett et al. (in prep.) . A comprehensive study of the stellar population in Taurus using the Spitzer Space Telescope can be found in Rebull et al. (2009) . Briefly, the IRAC basic calibrated data (BCDs) have been processed by the IRAC artifact mitigation software (available on the SSC website) before being assembled in mosaics. Aperture photometry has been performed on the source detection output of the APEX detection algorithm. Fluxes have been extracted in an aperture of 2 pixel radius. The sky has been measured in 2 to 6 pixel radii. Fluxes were aperture corrected using the corrections listed in the IRAC Data Handbook. They have been converted to magnitudes given the zero magnitude fluxes of 280.9 ±4.1, 179.7 ±2.6, 115.0 ±1.7 and 64.1 ±0.9 mJy for channels 1, 2, 3, and 4 respectively (Reach et al. 2005) . The typical magnitude error is 0.05 for sources brighter than 10, 10, 8.5, 8 mag for channels 1, 2, 3 and 4 respectively, and increases to 0.07, 0.07, 0.10 & 0.10 for the faintest sources at 14, 13.5, 13.5, 12.7 mag. Guieu et al. (2007) have published Spitzer photometry for 23 BD in the Taurus cloud based on the original Spitzer Taurus survey. Since then, the Spitzer survey has been extended to a larger region (Padgett et al. 2009 ) and new data are now available for more BDs. In Table 1 , we list 43 BDs currently known in the Taurus cloud with Spitzer IRAC photometry. The data from Guieu et al. (2007) have been (slightly) updated and are therefore superseded by these new values. Among the 20 additional objects reported here, listed in table 1, 9 show an infrared excess, taken as a signature of a circumstellar disk (see section 3.1). The table also includes visual absorption values (col 10). These values come from the literature when available, they are often converted from A J to A V using A J = 0.265 A V , or estimated from their spectral types combined with their J-H color
CO data
In order to study the distribution of BD with and without disks with respect to the surrounding molecular cloud, we use the recently published CO data from Goldsmith et al. (2008) . They have used 12 CO and 13 CO data to compute the molecular hydrogen column density, N(H 2 ), over a large area of the Taurus cloud, encompassing all the BD of our sample. The distribution of N(H 2 ) at the position of every BD of the sample is listed in table 1 (see section 5.1 for a description of how the density is computed for every object). 
Brown dwarf disks
Update of the brown dwarf disk fraction
We use the Spitzer color information to decide whether a BD (or a TTS) has a disk or not. Following Gutermuth et al. (2008) , all Taurus members with the following color constraints are likely BDs or stars with disk. Almost all the BDs in table 1 have A V 4 (one has A V = 5.2 and one has A V = 9.2). We choose to restrict our analysis to the part of the cloud with A V ≤ 4, for BDs and for stars. Removing the two objects found from their disk excess and mentioned in section 2.1, and two more from this absorption constraint yields a BD disk fraction of 16/39 = 41 ± 12 %. If we use the Spitzer photometry to compute the fraction of disks in the TTS, we find that among 103 stars with A V < 4, 60 have disks, yielding a disk fraction of 58 ± 9 %. The disk fraction of TTS and BD in Taurus thus appears identical at the one sigma level.
Brown dwarf transition disks
The plot in figure 1 shows two well separated populations. However, the plot is crowded and makes the reading of possible transition objects difficult. In order to ease the measurement While the values of J−H span a wide range of values due to the distribution of spectral types, the [4.5]− [8] colors fall into two groups, depending on whether or not the objects have disks. The objects with disks show more scatter in their [4.5]− [8] index since it is dominated by disk excess emission. Figure 2 shows some transition objects and confirms that CFHT-Tau 12 is a BD with a disk of this type. We study this peculiar object in more details in the following section.
CFHT Tau 12
CFHT Tau 12 presents a very peculiar SED, with an excess starting at 8 µm and extending to longer wavelengths. In order to ascertain the nature of the circumstellar environment of CFHT Tau 12, we have performed a detailed modeling of its SED.
Disk model
We use the 3D Monte-Carlo continuum radiative transfer code MCFOST (Pinte et al. 2006) . Our model includes multiple scattering, dust heating assuming radiative equilibrium, and continuum thermal re-emission.
We use a density distribution with a Gaussian vertical profile ρ(r, z) = ρ 0 (r) exp(−z 2 /2 h 2 (r)), assuming a vertically isothermal, hydrostatic, non self-gravitating disk. Power-law distributions are utilized for the surface density Σ(r) = Σ 0 (r/r 0 ) α and the scale height h(r) = h 0 (r/r 0 ) β where r is the radial coordinate in the equatorial plane, h 0 the scale height at the radius r 0 = 100 AU. The disk extends from an inner radius r in to an outer limit radius r out = 300 AU. The central star is represented by a uniformly radiating sphere with a NextGen spectrum from Allard et al. (2000) (T eff = 2 900 K, log g = 3.5) and an A V = 3.44.
We consider homogeneous spherical grains, using the dielectric constants described by Mathis & Whiffen (1989) in their model A. The differential grain size distribution is given by dn(a) ∝ a −3.5 da with grain sizes between a min = 0.03µm and a max , which is taken as a free parameter. The mean grain density is 0.5 g.cm −3 to account for fluffiness. Extinction and scattering opacities, scattering phase functions and Mueller matrices are calculated using Mie theory. Dust and gas are assumed to be perfectly mixed, and grain properties are taken to be independent of position within the disk.
Model fitting
Due to the ambiguities with SED fitting, it is not possible to constrain model parameters independently. The robust estimation for the range of validity of the parameters instead requires the potential correlations between each of the parameters to be taken into consideration. With this in mind, we systematically explored a grid of models by varying 7 free parameters whose values are listed in Table 2 .
Comparisons between the models and the observations were drawn according to reduced χ 2 calculations. To determine the range of validity for the parameters, we used a Bayesian inference method (Press et al. 1992; Lay et al. 1997; Pinte et al. 2007; Pinte et al. 2008 ). This technique allows us to estimate the probability of occurrence of each parameter value. The relative probability of a single point of the parameter space (i.e. one model) is proportional to exp(−χ 2 /2), where χ 2 refers to the reduced χ the end of the procedure so that the sum of the probabilities of all models over the entire grid is equal to 1. The Bayesian method relies on a priori probabilities for the parameters. Here, we assume that we do not have any preliminary available information, and we choose uniform a priori probabilities which correspond to a uniform sampling of the parameters. However, in the absence of any data, some grid points are more likely than others: consideration on solid angles show that an inclination between 80 and 90
• (close to edge-on) is more likely than a inclination between 0 and 10
• . Uniformly distributed disk inclinations and orientations in three dimensions correspond to a uniform distribution in the cosine of the inclination. Also, some physical quantities, like the inner radius, tend to be distributed logarithmically. The grid was built according to these distributions (Table 2 ).
Results
Figure 3 presents the best fit SED (i.e. the model with the smallest χ 2 ) and the relative figures of merit estimated from the Bayesian inference method for the disk inner radius, and for the inner radius and maximum grain size simultaneously. These results were obtained from marginalization (i.e. summing) of the probabilities of all models, where one (or two) parameter is fixed successively to its different values. The resulting histograms indicate the probability that a parameter takes a certain value, given the data and assumptions of our modeling. The width of the probability curve in the central panel is a strong indicator of how well the disk mass is constrained.
The range of validity for the disk mass is defined as the interval [M 1 , M 2 ] where:
with γ = 0.997. The interval is [5 10 −12 , 5 10 −9 M ] (Fig 3, central panel) and corresponds to a 99.7 % confidence interval, i.e. equivalent to a 3 σ interval in the case of a Gaussian distribution of probability. This constraint is set by the upper limits at 70 and 160 µm. Unsurprisingly, most of the parameters are not, or only slightly, constrained. For instance, the same analysis for the inner radius (Fig 3, right panel) gives an interval of [0.01, 1.5] AU.
CFHT Tau 12 is surrounded by a very low mass disk, with a dust mass lower than 1.5 10 − 3 Earth mass. This is significantly lower than disk masses measured so far for BDs (Scholtz et al. 2006 ). The mass we derive is comparable to masses of debris disks around M stars, which have been estimated to be between 10 −2 and few earth masses (see for instance Fig. 3 of Wyatt 2008). Because the disk excess is only detected in the mid-infrared, an hypothesis is that most of the outer disk has been removed (potentially via an ejection mechanism of the BD for instance).
Spatial distribution of brown dwarfs in the Taurus cloud
Stars and brown dwarfs relative to Taurus molecular gas
Luhman (2006) studied the nearest neighbor distance and found no differences between the star and BD distributions. Such a result is consistent with recent computations by Bate (2009) who finds no significant mass segregation. However, models of spatial distribution of BDs produced by the decay of small-N stellar systems by Goodwin et al. (2005) show that similar distributions sometimes arise even with ejections. In other words, a different spatial distribution for stars and BDs is probably a signature of ejections, but a lack of difference does not necessarily exclude the ejection scenario.
As the star density distribution is only a proxy for the actual density structure of the cloud where the objects were born, and in order to better track the relation between stars & BDs and the underlying molecular gas, we have used the high spatial resolution molecular H 2 surface density map computed by Goldsmith et al. (2008) from recent 12 CO and 13 CO data, and we study the distribution of stellar and substellar objects relative to the actual cloud. We stress that strictly speaking, the surface density (σ) is only a proxy for the volume density (ρ). However, a given object cannot be close to a volume density peak while far from a surface density peak. We measure the value of the H 2 column density at the position of every object, star or BD, in the Taurus cloud, limiting ourselves to objects with A V < 4 as discussed above. Each measurement encompasses ≈ 3000 × 3000 AU at the Taurus distance. Figure 4 shows the histogram of the underlying H 2 column density for stars (solid line) and BDs (dotdashed line). The BD distribution shows a sharper peak at low surface densities, but overall the two histograms are very similar. We have performed a KS test on the two distributions and find that there is 36% probability that the two samples are drawn from the same distribution. This result is consistent with previous studies of the nearest neighbor distance and shows that the distributions of both kinds of objects are the same with respect to the underlying molecular cloud.
Brown dwarfs with and without disks with respect to Taurus molecular gas
In this section, we use N(H 2 ), the H 2 surface density data to study the distribution of objects with and without disks relative to the molecular cloud. We apply the method to stars and BDs. Such a study is motivated by the fact that if TTS with and without disks appear relatively regularly distributed across the Taurus filament. However, there is a possibility that BDs with disks are more frequent in the northern part of the cloud (Guieu et al., 2007) . If we split the Taurus filaments into two parts containing approximately the same number of objects (see dashed line in figure 6 ), and compute the disk fractions for TTS and BD in the northern and the southern filaments, we find that, while the TTS disk fraction is almost identical in both regions, the northern BD disk fraction is significantly higher than the southern one (see Table 3 ). As in section 5.1, we compute the underlying H 2 column density at the position of every object in the cloud (stars and BDs), with and without disks. The corresponding distribution of N(H 2 ) for BDs (with and without disk) and stars (with and without disk) is shown in figure 5 . We then perform a KS test to estimate the probability that for the two kinds of objects (stars + BDs), both populations (with and without disks) are drawn from the same distribution. We find that the probability that each kind of object (BDs or stars), with and without disks are drawn from the same distribution is very high (18% for BDs, 31% for stars). The distribution of objects with or without disks appears independent of the underlying gas distribution, suggesting that the surrounding molecular cloud physical properties (at least density) are not directly linked to the existence of a disk around a newly formed object. Thus if the peculiar BD distribution mentioned by Guieu et al (2007) is real, it is not linked to the underlying cloud gas density. In a study on WTTS and CTTS in Taurus, Bertout et al. (2007) conclude that the disk lifetime is 4 × 10 6 (M * /M ) 0.75 yr in this cloud. A variation of the disk lifetime with the central object' mass associated with small age difference between the filaments would be a possible explanation for the disk fraction difference between the northern and the southern part of the Taurus cloud. However, a shorter disk life- time for BDs is very difficult to reconcile with BD disk fraction measurements in older star forming regions like Cha I, IC 348 and σ Ori (Luhman et al. 2005; 2008a,b) where it is similar to that of stars. One possible explanation for the different disk fractions among stars and BDs between the north and south (if it is real) is that the southern clouds are indeed older, but the disk fraction for stars is artificially high due to another explanation. Surveys of Taurus have been biased toward finding stars with disks rather than without disks. Many of the previous wide-field surveys have selected members based on disk indicators like H α and IR excess emission, whereas objects without disks are found by proper motions and the all-sky ROSAT survey, which are rather shallow. In comparison, the BDs have been identified mostly through optical color-magnitude diagrams, which are unbiased in terms of disk presence. Testing the distribution of objects in the cloud relative to the gas was motivated by the fact that previous papers like Goodwin et al. (2005) obtained similar nearest neighbor distributions, even with ejections. The main result from our comparison of the BD and star distributions with respect to the underlying molecular gas is that BDs and stars are most probably drawn from the same distribution (p value of the null hypothesis is 0.36). This work complements and yields a picture consistent with the one published previously by Luhman (2006) in which BD and stars are distributed in a similar manner across the Taurus cloud, and present similar nearest neighbor distributions. The presence of ≈ two × more BD than stars in the first 2 × 10 21 cm −2 H 2 density bin remains to be explained. Yet, as both distributions appears to be statistically identical, this might be due to small number statistics effect.
Conclusions
We have presented new photometric measurements in the 3 − 8 µm domain from Spitzer IRAC instrument, complementing previous IR photometry by Guieu et al. (2007) for more than 40 BDs in the Taurus cloud. We associate these IR measurements with new H 2 surface density computations from Goldsmith et al. (2008) to study and compare the distribution of stellar and substellar objects relative to the underlying molecular gas. Based on this larger sample, we update the disk fraction for stars and BDs in the Taurus cloud and find that the disk fraction around BDs is similar to the disk fraction in their TTS counterparts.
We find that transition disks are very rare among BDs, a common result with TTS showing that the disk's disappearance timescale is also very short for substellar objects. These results call for further theoretical models of dust coagulation and settling as a function of the central object's mass. We model the only transition disk we find around CFHT BD Tau 12, an object that could have experienced more dust evolution than other members in Taurus. Note that Luhman et al (2006) find a slightly earlier spectral type than us for this object (M6 instead of M6.5) so CFHT BD Tau 12 could be an object at the border between VLMS and BD rather than a bona fide young BD.
We study the distribution of stars and BDs relative to the H 2 molecular gas surface density computed from CO observations and find that both distributions are likely drawn from the same distribution, even if there appears to be an excess of BDs found at low H 2 surface density. A similar study for objects with and without disks shows that they have the same distribution relative to the underlying gas.
Finally, the finding that the fact that BD with disks are less numerous in the southern than in the northern portion of the Taurus filaments could be a reflection of an older age for the southern part of the cloud combined with a shorter lifetime for BD disks. A further determination of the ages of the Taurus filaments via HR diagram for instance is difficult due to the large dispersion one obtains in the ages. Disk fraction measurements in Cha I or IC 348 show no evidence that the lifetimes of substellar objects are shorter.
